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Two series of tests were made to detennlne performance, stability 
and control, and rotor wake Interaction on the alrfrmse, using a 
one^tenth scale powered force model of a tilt rotor aircraft 
(Figure 1). Testing covered hover (IGE/OGE), helicopter, con- 
version, and airplane flight configurations. These tests took 
place in the NASA-Langley V/STOL wind tunnel. The first test 
was in Sept«id>er 1972 and was terminated bei.ause of insufficient 
collective pitch actuator capability of the model to complete 
the high power and high speed airplane flight conditions. Modi- 
fications were made to the collective pitch actuator axKi testing 
was completed during the second tunnel entry in October 1973. 

Wind tunnel testing was performed under NASA Contract NASl-11582. 

Forces and oKxnents were recorded for the model frc»a predetermined 
trim attitudes. Control positions were adjusted to trim flight 
(one-g lift, pitching moment and drag zero) within the uncorrected 
test data balance accuracy. Pitch ar^ yaw steeps were made about 
the trim attitudes with the controls held at the trimn^d settings 
to determine the static stability characteristics. Tail on, tail 
off, rotors on, and rotors off configurations were tested to 
determine the rotor wake effects on the empennage. 

Data obtained during this testing will be presented in a 
NASA TM.^ Information presented in this report will cover the 
analysis of the test data. This analysis covers only informa- 
tion useful for tilt rotor aircraft (rotor wake effects) and 
does not include any analysis of the aerodynmnic characteristics 
for the tilt rotor model tested. Results from this test will be 
used to supplement information obtained from other model tests. ^ 
Documentation of this analysis is covered under NASA Contract 
NAS2-8084. 

The principal results from this analysis are as follows: 

(1) Rotor Interference on the Wing 

Hover tests in-ground-effect showed wing download to 
be in agreement with previous model tests. Correla- 
tion was established when wing download is presented 
in terms of blade twist, thrust, blockage, and flap 
deflection. Reynolds number corrections are required 
to determine the full-scale aircraft wing download. 

Wing download does not appear to decrease significantly 
for full span flap deflections greater than 50 degrees. 
Flaperon deflection is more effective than flap deflec- 
tion in reducing download. 

Rotor interference on the wing was found to be negli- 
gible above 40 knots for all conversion angles tested. 
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(2) Rotor Wake on the Empennage 

The Interaction of the rotor %iake with the horizontal 
stabilizer is to produce an upload during low speed 
helicopter flight and changes to downwash during air- 
plane flight. The downwash measured for rotors on in 
airplane flight is that due to the wing wake and is 
the same as measured for rotors off. 

Rotor-induced velocity at the empennage was founo to 
correlate with previous model test data. The rotor 
wake effect was also sh<wn to become insignificant as 
the nacelles are tilted forward and as speed iiKxi^ases 
above 120 knots. 

(3) Rotor Flapping 

Lateral flapping in helicopter mode was higher than 
estimated using low disc loading and low twist rotor 
induced velocity correction factor. Flapping angles 
were in agreement with previous im>del test results 
and estimates using the modified induced velocity 
correction factor for high disc loading and high 
twist rotor. 

(4) Roll Stability (IGE) 

The roll instability during hover IGE measured during 
this testing was found to be in agreement with pre- 
vious test results for tilt rotor aircraft. Tl^ roll 
instability can be controlled with a small lateral stick 
input with the control power available for the models 
tested. 
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Figure 1-1. Powered Model on Rotarv Stine* Momit 
Langley V/STOL Tunnel ‘ ’ 


301 - 099 - 00.4 


1-3 



USf or Oisctosi.re ijt Sita on lhi> pa9« 
Subject to the restriction cn the title 


II. INTRODUCTION 


This report presents the analysis of a wind tunnel test of a 
one-tenth scale powered force model of a tilt rotor aircraft. 
Testing was accomplished to determine the performance, stability 
and control, and rotor wake interaction on the airframe during 
hover, helicopter, conversion, and airplane flight. fhe Bell 
Model CIOO-FIB is a powered aerodynamic scale model of the Bell 
Model D270 tilt rotor aircraft.^ \ three -component rotor balance 
was installed in each nacelle to allow iieparation of rotor forces 
and moments from those measured from the tunnel balance for the 
overall model. Tnis capability allowed analysis for rotor air- 
frame interaction to be made in addition to that obtained from 
previous model tests. Rotor wake effects obtained from this 
analysis are applicable to tilt rotor aircraft configurations. 

The principal objectives of this report are to analyze the test 
data and compare it with other model test data and analytical 
methods. Results are summarized for application to the design 
of existing and future tilt rotor aircraft. The documentation 
was accomplished under NASA Contract NAS2-8084. 

A. Previous Testing 

Most of the tilt rotor model testing by Bell Helicopter 
Company has been with a one-fifth scale model of the Bell 
Model 300 as reported in Reference 2. These tests were 
directed at determining the performance, stability and 
control, and aeroelastic characteristics for the XV-15 Tilt 
Rotor Research Aircraft. Rotor wake interaction obtained 
with that model was limited in scope due to tunnel capability 
(inadequate for high spaed airplane flight) and model capa- 
bility (no rotor balance). Therefore, results obtained from 
the test presented in this report will be used to supplement 
the information obtained from the fifth-scale model tests. 

B. Technical Background 

Tilt rotor model testing was initiated to address problem 
areas encountered during the XV-3 flight test program. These 
problem areas were primarily noted during hover and low speed 
helicopter flight and were related to the rotor wake inter- 
action on the airframe. A detailed discussion as to the 
approach to correct these problems is presented in Reference 
2. This test investigated these problem areas. 
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C. Tunnel Description 

The wind tunnel test was accomplished in the NASA-Langley 
V/STOL wind tunnel. The V/STOL tunnel has a 4.S8-meter 
(16-foot) test section and can operate through a speed range 
of 6.1 to 76.2 meters per second (20 to 250 feet per second), 
with the walls down. With the tunnel walls raised, the test 
section is opened to eliminate wall effects and can be oper- 
ated through a speed range of 0 to 18.3 meters (60 feet per 
second). The model was mounted on a rotary sting support 
with a six-component internal balance. Adjustments could be 
made for pitch, roll, and yaw at the desired h/D (height above 
ground to rotor diameter) to obtain ground effect information. 
This capability allowed the model to be tested at all config- 
urations from helicopter to airplane flight. 

D. Objectives of This Analysis 

This analysis h's the following specific objectives: 


1. Determine the rotor wake effect on the wing. This 

includes evaluating the effects of various design para- 
meters on wing download during hover and changes in 
wing download during forward flight. 


2. Determine the rotor wake effects on the empennage in 
sufficient detail to supplement existing data for use 
in the mathematical model for flight simulation of tilt 
rotor aircraft.^ Rotor wake characteristics for two 
types of empennage configurations will be shown. 


3. Compare measured rotor performance with estimated. 


4. Evaluate roll static stability during hover in-ground- 
effect. 


5. Evaluate rotor flapping characteristics. 


These objectives were accomplished and the results are dis- 
cussed in the following sections. 
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III. DESCRIPTION OF THE MODEL 


The model tested, designated the Bell Model CIOO-FIB, is a ons- 
tenth length scaled aerodynamical ly similar model of the Bell 
Model D-270 tilt rotor aircraft. The model was developed under 
Phase I of Air Force Contract F33615-69-C-1578. The model has 
two five-foot diameter rotors that are mechanically intercon- 
nected. They are driven by two fuselage-mounted TASK variable 
frequency motors having a continuous operating rating of 25,353 
watts (34 horsepower) each. The span of the model between rotor 
centers is 1.95 meters (6.4 feet); with the rotors turning, the 
span is 3.47 meters (11.4 feet). Overall model length is 2.47 
meters (8.1 feet). The model was supported during the test on 
a fuselage-mounted six component balance rotary sting support. 

A list of scale factors, full-scale and model-scale parameters 
for the rotor, wing, fuselage, and empennage are given in Table 
III-l. These are the parameters used during data reduction and 
analysis. 

A. Construction and Design Parameters 

A description of the model ccmiponents are as follows: 

1 . Fuselage 

The basic fuselage backbone, from the wing aft to the 
empennage . was a square steel tube with aluminum plate 
bulkheads to support removable fiberglass fairing shells. 
Forward of the wing bulkhead, four aluminum longerons 
extend forward to support the motors , center gearbox 
mounting bulkheads, and the nose section. The cylin- 
drical fuselage section ahead of the wing is formed by 
two removable shells of curved aluriiinum plate. 

2 . Empennage 

The vertical stabilizer has a steel spar and was attached 
to the aft portion of the fuselage backbone. The drive 
motor and potentiometer for remote control and position 
indicator of the elevator '-’as housed at the base of the 
vertical stabilizer in the spar. A rudder was not re- 
quired for this test. The horizontal stabilizer was 
mounted midway up the vertical stabilizer. The elevator 
could be remotely varied ±20 degrees. Horizontal sta- 
bilizer incidence could be manually varied ±5 degrees 
by changing fillet blocks which attached the horizontal 
stabilizer to the vertical stabilizer. The aerodynamic 
shape for the horizontal and vertical stabilizers was 
formed from wood panels. 
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3. Wing 

The basic wing structure was a hogged-out al\aminum chan- 
nel section which was closed to form a torque box by 
means of a bolted on, lower surface aluminum cover 
plate. At the root end of each wing box, a fork- 
shaped steel root titting was attached to the upper 
part of the center gearbox. The rotor interconnect 
power shaft was throvigh the wing box and attached the 
center gearbox to the wing tip mounted rotors. Brackets 
were available to adjust the flaps ( 6 f) to 50 degrees 
down, and flaperons ^ 63 ) bo 20 degrees down. Taping of 
the flaperons was required to permit full span flap 
testing to 62.5 degrees to evaluate the effect of flap 
position on wing download during hover. The aerodynamic 
contours for the wing, flaps, and flaperons were shaped 
from wood panels attached to the metal spars. 

4. Nacelles 


The nacelles were mounted on the wing Lips and housed 
the rotor controls, balance, and transmission. Non- 
structural fiberglass fairings were attached to alumi- 
num plate bulkheads which supported the transmission. 
Conversion struts were available for manual adjustment 
of the nacelle from 90 degrees (helicopter) to 0 degrees 
(airplane) in fifteen-degree increments. 

5. Rotors and Controls 


The five-foot diameter rotors were provided with re- 
motely controlled collective pitch and longitudinal 
monocyclic pitch control for each rotor. The rotors 
have three blades per rotor. Each blade was mounted to 
a gimbal hub to permit rotor flapping. Flapping was 
restrained by hub springs located in the rotating sys- 
tem and was recorded using a strain gaged flexure ref- 
erenced to the rotor shaft. The rotor blades were dy- 
namically scaled in stiffness and mass distribution based 
on a model tip speed of 0.6 times full scale tip speed. 
The model rotors were operated up to 1884 rpm which was 
representative of a full-scale hover tip speed of 251 
meters per second (822 feet per second). The blades 
were provided with strain gages for monitoring beam, 
chord, and torsion loads. 

Cyclic pitch range was ±12 degrees. The collective pitch 
range was from -11 to +33 degrees (measured at tip of 
blade). Cyclic and collective control positions were 
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5. (Continued) 

insti.-umented for both rotors. The collective pitch 
could be changed simultaneously for both rotors, or to 
the right rotor independently for trim capability. 

Loads generated by the model collective and cyclic con- 
trol system did not cross the rotor balances, but were 
monitored from an instrumented pitch link for each rotor. 

6. Rotor Drive System 

The rotor drive system consisted of two TASK motors 
mounted in the fuselage driving aft through flexible 
couplings into a coupling gearbox which reduced the 
motor speed by a factor of three. Tlie tputs of the 
gearbox are coupled to the interconnect siafts with 
univerr?al joints. Wing tip gearboxes are provided for 
a further reduction of shaft speed by a ratio of two to 
one. The wing tip gearboxes are modified Bell Model 
47 helicopter, 90 degree, tail rotor gearboxes. Each 
rotor shaft was strain gaged to sense rotor torque. 

The rotor shafts were extended to carry an instrumented 
slip ring to measure rotor blade loads, flapping, etc., 
and a tachometer/azimuth wheel for driving a magnetic 
pulse pickup. 

7 . Rotor Balance 

A three-component rotor balance was installed in each 
nacelle. The primary measurement was rotor axial force 
for use in evaluating the rotor/airframe lift distribu- 
tion data. Longitudinal and lateral moments were measured 
and included in the balance equations to improve the 
accuracy of the axial force measurement in addition to 
providing supplemental rotor data. Dual thrust and torque 
bridges were incorporated in each balance to permit the 
tunnel test to continue if the signal from one bridge 
was lost. 

8. Instrumentation 


The model was instrumented to measure the parameters as 
listed in Table III-2. This data was presented on 
oscillograph recorders and on the V/STOL tunnel data 
recorder system for monitoring during the test. Model 
motor temperatures were monitored using a Bro\^ tempera- 
ture recorder. 
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TABLE III-l. FULL SCALE/MODEL SCALE PARAMETERS (Continued) 


Full Scale 


Model Scale 


irons: 


Span Per Side, cm (in) 
Chord/Wing Qiord 


Flaps : 

Span Per Side, cm (in) 
(^ordA^ing Chord 


Fuselage : 

Length, cm (in) 
Diao^ter, cm (in) 


Horizontal Stabilizer : 

Span, cm (in) 

Area, m^ (ft^) 

Aspect Ratio 

Sweep of 1/4 Chord, deg 

MAC, m (ft) 

Location of 1/4 MAC 
F.S. 

W.L. 


335 (132) 
.275 


381 (150) 
.275 


2261 (890) 
304.8 (120) 


1016 (400) 
23.23 (250) 
4.45 
15 

2.30 (7.56) 

1004.5 

291.1 


33.5 (13.2) 
.275 


38.1 (15.0) 
.275 


226.1 (89.0 
30.48 (12.0. 


101.6 (40.0) 
.2323 (2.50) 
4.45 
15 

.230 (.756) 


100.45 

29.11 


Elevator : 

Area, m^ (ft^) 
Chor^'Stabilizer Chord 


Vertical Stabilizer : 

Span, cm (in) 

Area, m^ (ft^) 

Aspect Ratio 

Sweep of 1/4 C3iord, deg 

MAC, m (ft) 

Location of 1/4 MAC 
F.S. 

W.L. 

Rudder : 

Area, (ft^) 


4.74 (51) 
.265 


548. G (216) 
19.04 (205) 
1.6 
32 

3.53 (11.58) 

955 

291.1 


4.08 (43.9) 


.0474 (.51) 
.265 


54.86 (21.6) 
.1904 (2.05) 
1.6 
32 

.353 (1.158) 

95.5 

29.11 


None 
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TABLE II 1-2. MODEL INSTRUMENTATION* 


Blade beaniwise loads (27.3% R) 

Blade chordwise ?oads (27.3% R) 

Blade torsion loads (27.3% R) 

Blade flapping 

Pitch link loads 

Rotor torque 

Rotor speed and azimuth 

Rotor axial force 

Rotor pitching moment 

Rotor yawing moment 

Collective pitch position 

Cyclic pitch position 

Elevator position 

Wing tip gearbox temperatures 

Interconnect drive shaft bearing temperatures 

Center gearbox temperatures 

Motor temperatures 

Motor frequency control and amperage 


*Rotor, blade, and motor parameters were 
recorded for both left and right rotors. 
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Testing was accomplished in the NASA-Langley V/STOL %dnd tunnel 
during two timnel entries. The first entry, V/STOL test nxsnber 
31, was from August 22, 1972, through September 13, 1972. The 
second entry, V/STOL test number 69, was from Octol^r 11, 1973, 
through November 9, 1973. Both tests were accomplished to ful- 
fill the same test plan; therefore, run msnbers were made con- 
tinuous for both tests. Total occupancy time was 440 hours. 
Rotors-on testing, rotors turning, accounted for 70 hours of this 
time resulting in a 18.5% utilization. Rotors-off testing ac- 
counted for only 42 hours. A total of 359 runs were made for a 
run average of 0.82 run per hour. 

The model was mounted on the V/STOL tunnel rotary sting support 
systmn with an internal, six component strain gage balance to 
record aircraft force and manent data. Fuselage pitch attitude 
was generally varied from -16 to +20 degrees and yaw angles were 
varied from -2 to +16 degrees. Both hover and forward flight 
was investigated. Yaw sweeps during the V/STOL test 31 
were made with and without the horizontal stabilizer. Dynamic 
characteristics of the model were such that removal of the em- 
pennage mass would cause the model to vibrate. Only pitch char- 
acteristics with yaw were obtained. During the second tunnel 
entry, a simulated empennage mass was inserted in the tail cone 
fairing to allow complete empennage off testing. 

Initial control positions and trim aircraft attitudes were 
determined prior to testing using the Bell Helicopter Company 
computer program C81. Static stability data were obtained dur- 
ing pitch and yaw sweeps from the trim conditions. Control 
settings were held constant during the sweep. In order to ob- 
tain wake effects on the horizontal stabilizer, both elevator 
sweeps and horizontal stabilizer incidence sweeps were made. 

Tests were also accomplished with the empennage and/or the 
rotors removed. The model is sho%m mounted on he sting in 
Figures IV-1 through IV-4 for the various configurations tested. 

The wing download was measured during hover at h/D ratios from 
0.525 through 1.825. Various combinations of flap and flaperon 
settings were tested at h/D of 1.825 to determine the effect of 
flap settings on wing download. Settings testad were 0, 20, 50, 
and 62.5 degree, all full span flap settings. 

The rotary sting permitted the model to be se»: at various roll 
angles and h/D ratios. Rolling moment was measured to determine 
the influence of the wing/rotor interaction on roll stability. 

Several tunnel wall configurations were tested to determine the 
wall interference effects on the model performance. These con- 
figurations were with the 1) walls up (open test section), 2) walls 
down (closed test section), and 3) walls do’>m/slots open (slots in 
walls, floor, and ceiling opened). 
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V, DATA REDUCTION 


Force and moment data measured on the wind tunnel six-component 
internal balance and rotor baliinccs were reduced using a NASA- 
Langley data reduction program, ('.orrec Lions were included for 
tunnel wall effects and interference effects of the sting support, 
T’le tunnel test data was tabulated in a format as listed in 
Table V-1. Also included in Table V-1 is a comparison of the 
symbols used in the tabulated test data presented in Reference 1 
and those used in this report. This is intended to give the 
user a meauis of correlating the data presented in the two reports. 
Control positions and test conditions (airspeed, angle of attack, 
sideslip, etc.) are also listad. The force and moment sign 
convention used for the rotor and airframe is shown in Figure 
V-1, The configuration code used is listed in Table V-2, A 
run schedule sunmary is given in Appendix A. 

The data reference center for the internal sting balance was 
station line 52,6, water line 11,0, and butt line 0,0, Data 
was corrected to a center-of-gravity location equivalent to a 
mid-cg as lisped in Table V-3. Maximum Re 5 molds number tested 
was 1.28 X 10° referenced to the wing chord of ,338 meters (1,11 
feet). 

Airspeed presented throuout the text of this report, in the 
figures and the Appendix, is given as equivalent full-scale 
airspeed (Vp^S ). For the scale of the model tested, the 
equivalent ruil-scale value in knots is nearly equal to the 
model scale test airspeed (Vj^ g ) in feet per second as shown 
below: 



.99 V^^3/FPS) 
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TABLE V-1. DATA REDUCTION 



Tabulated Data 

Information 

Computer 

Notation 

Symbol As 
Defined 


As In Ref. 1 

In Report 

I. Configuration 



A, Tunnel Setting 

V, FS 

''f.s. 


VTUN 

V 

M 


MU 

P 


Q 

q 


QS 

^s 

B, Model Attitude 

ALC 

a 

F 


BETA 



PHI 

Q 

C, Rotor Controls, 

THL, THR 

0 

TIP 

^1 

left and right rotor 

BIL, BIR 


ELEV 

■ 

8 ! 

e 1 


RPM 

RPM j 








TABLE V-1. DATA REDUCTION 
(Continued) 





Tabulated E 

>ata 


Information 

Computer 
Notation 
As In Ref. 1 

Symbo 1 As 
Defined 
In Report 

II. 

Airframe Aerodynamics 




C. 

Pitching Moment 
(Continued) 

CMS4C 

®C/4 


D. 

Rolling Moment 

RM 

RM 




CRM 

^RM 




CR 

Cl 




CRS 

Crm i 

5 1 


E. 

Yawing Moment 

YM 

YM 




CYW 

Cym 




CYM 

Cn 




CYMS 



F. 

Side Force 

SF 

SF 1 




CSF 

C ^ 

^SF j 




CY 

C 

y 




CSFS 


III. 

Rotor Airodynamics 




A. 

Thrust 

average, left and 
right rotor 

TAV, TL, TR 
CTAV, CTL, CTR 

T 

Cj. 




TCT, TCL, TCR 






s 




CTAAV, CTAL, 
CT-^R 

Tc 


B. 

Torque 

average, left and 
right rotor 

QAV, QL, QR 
CQAV, CQL, CQR 

0 

s 

-- — 
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TABLE V-1. DATA REDUCTION 
(Continued) 


I 

Tabulated Data 1 

Information 

Computer 
Notation 
As In Ref. 1 

Symbol As 
Defined 
In Report 

III. Rotor Aerodynamics 

C, Moments 

left and right 
rotor 

PML, PMR 
CPML, CPMR 

™R 


RML, RMR 



CRML, CRMR 

SMr 









TABLE V-2. CONFIGURATION CODE 


Airframe /Rotor; 

SLaljilizer 


Code 

Flaps 


Vertical 

Rotors 

1 

50/20 

ON 

ON 

ON 

2 

50/20 

OFF 

ON 

ON 

3 

50/20 

ON 

ON 

OFF 

4 

50/20 

OFF 

ON 

OFF 

5 

0/0 

ON 

ON 

ON 

6 

0/0 

OFF 

ON 

ON 

7 


ON 

ON 

OFF 


Horizontal St abi lizer: 


Code 


I ncidence 


0 

1 

2 

3 

4 


Tail off (Horizontal Only) 
-50 
0 
50 

^peonage Off 


Nacelle Setting; 

Code Nacelle Incidence 


0 

2 

4 

5 

6 


0 

30 

60 

75 

90 (Helicopter) 


Code as shown in the run schedule listed 
in Appendix is written; 

ai rf rame- empennage- nace 1 1 e 
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TABLE V-3. CENTER- 01- GRAVITY POSITIONS 


Nacelle Incidence (deg) 

F.S. 

W.L. 

90 (Helicopter) 

52.9 

19.9 

75 

52.6 

19.5 

60 

52.3 

19.0 

30 

51.7 

18.0 

0 

51.0 

, 
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VI. RESULTS OF TEST 


A. Roll Stability - In Ground Effect 

Roll stability was measured in and out of ground effect by 
rolling the model at h/D ratios of .53, .6/, .83, 1.00, and 
1.84. Aircraft rolling moment measured is given in Figure 
VI-1. 

Roll stability versus height above the ground is suiranarized 
by Figure VI- 2 in terms of the amount of lateral stick re- 
quired to maintain trim and rolling moment per degree roll 
angle between ±2 degrees of roll. The amount of lateral 
stick required to maintain trim was determined by dividing 
the model data roll control power into the rolling mOTient 
per degree roll measured during the test. As indicated, 
the model was found to have positive roll stability near 
touchdown, h/D <.60. Between h/D = .60 and 1.67, the model 
showed negative roll stability. The maxitran instability 
occurred at approximately h/D = .85. Above h/D - 1.67, or 
OGE, the model was again stable. Also illustrated is the 
small amount of lateral control required to trim at the maxi- 
mum instability height. As an example, for a ten-degree wing 
drop in-ground-effect, the lateral stick for trim would be 
1.12 cm (.44 inch). 

Roll characteristics obtained during this test were found to 
be in agreement with those determined during similar tests 
on other tilt rotor models for small roll angles. The non- 
linear roll effect shown above 5 degrees roll were not appar- 
ent during the other model test (Reference 2). A comparison 
of the results of these tests are given in Figure VI-3. With 
the control power available on current tilt rotor aircraft 
and with SCAS, the roll instability is not expected to present 
the problem as it did for the XV-3. These levels of insta- 
bility have been incorporated into the tilt rotor simulation 
arc have received no unfavorable pilot comment concerning 
lover handling qualities. 

B. Wing Download 

Wing download was obtained during hover in and out of ground 
effect by making collective sweeps and comparing rotor 
thrust required to hover at an equivalent full-scale gross 
weight. The collective pitch required to hover OGE was in- 
creased by approximately two degrees from that required to 
hover IGE. The wing download in percent rotor thrust at the 
height to diameter ratios tested is svimmarized in Figure VI-4. 
For a full -span flap configuration, the download varied from 
9.5 percent OGE to -6.5 percent (upload) IGE. Raising the 
flaperons to a conversion flap/f laperon setting increased the 
download, OGE, by 3 percent for a total of 12.5 percent. 
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B. (Continued) 

The effect of flap deflection on wing download for full-spar, 
flap OGE is shown in Figure VI-5. (The faired curve shown 
is based on comparison of results of other model tests as 
discussed in Section VTI.) Test results indicate very little 
improvement in relieving wing download for flap deflections 
above 50 degrees. For comparison purposes the test point for 
flaperon setting of 20 degrees was plotted as 20-degree flap 
deflection. It is nearly in agreement with the full span flap 
results indicating that most of the reduction in download occurs 
from flaperon deflection or, in general, from deflecting a sur- 
face which is in the projected plane of the rotor. 

Rotor/wing interference was determined for forward flight at var- 
ious nacelle incidence angles. The rotor/wing lift sharing with 
nacelle incidence is shown in Figure VI-6. Comparison is 
shown between rotors on and rotors off to illustrate the rotor 
wake effect or the wing lift. Airframe lift was obtained by 
taking the difference between the lift recorded on the main 
balance (airframe plus rotor) and subtracting the rotor thrust 
measured on the rotor balances. Comparison with the rotors- 
off tests indicate that the wing lift is not influenced by 
the rotor wake above 40 knots, and the wing download in 
hover changes to an upload with forward flight. As shown, 
the wing begins to contribute lift at an airspeed of 35 
knots, whereas linearized rotor wake theory would predict 
the wing to be immersed in the rotor wake at that low air- 
speed. 

Flow visualization tests on another model2 were in agreement 
with these test results. As observed during that test, the 
rotor induced a strong upwash at the wing leading edge and on 
the inboard wing section at speeds as low as 20 knots . At 
30 knots, the rotor wake was nearly completely off the wing. 

The nonuniform induced velocity distribution of the tilt 
rotor is considered to be the reason for the rotor wake 
moving off the wing at these low airspeeds. Because of this 
effect, the aircraft lift was higher than originally esti- 
mated prior to the first tunnel entry. Further discussion 
on differences between estimated and test can be found in 
Section VI .C. 

C, Static Stabili t y Characteristics 

Stability data are shown in terms of lift, pitching moment, 
and yawing moment coefficients. Force and moment data were 
obtained for rotors and/or empennage on and off to evaluate 
rotor wake effects. Pitch and yaw sweeps were made about 
predetermined trim attitudes for level flight. Test condi- 
tions are shown in Figures VI-7 through VI-45 for speed 
range of 40 to '’ ■C knots and nacelle incidence range of 90 
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C, (Continued) 

(helicopter) to 0 degrees. Information sho%m is for combina- 
tions of test data that were used in the analysis of the rotor 
wake on the empennage. 

Two types of procedures were followed in determining trim 
settings and obtaining wake data for the empennage. During 
the first tunnel entry, trim attitudes and control positions 
were set from predetermined estimates for rotor wake effects 
on the wing and empennage. As noted in Section VI. B., it %«as 
fotud that the rotor wake on the wing was different than 
estimated. This was also found to be the case for the OTpen- 
rage (to be shown later). The rotor performance versus 
collective pitch setting was also found to be different than 
estimated. As the result of all these differences, the air- 
craft %ias not tested in a completely trimmed configuration 
during the first tunnel entry. Because of the inq>roved lift 
of the wing over that estimated, the model was trinraed for 
level flight at one g, although not necessarily at trimmed 
angle of attack or cyclic control position. These correc- 
tions to the rotor %»ake characteristics were made in the 
theoretical estimates prior to the second tunnel entry. The 
procedure followed during the second tunnel entry was to set 
the model at a specified trim attitude and trim both lift 
and drag by adjusting the controls to obtain trim thrust and 
power. The elevator was coordinated with cyclic position to 
trim aircraft pitching mexaent. Rolling and yawing moments 
were monitored to insure lateral-directional trim also. 

Rotor torque was foimd to be a good indicator for control 
setting repeatability when repeating a test condition going 
from tail on to off, and making incidence sweeps and yaw 
sweeps. During the sweeps from trim, the controls wfere not 
changed. 

Both elevator sweeps and horizontal stabilizer incidence 
Sleeps were used to evaluate rot^'r wake characteristics on 
the horizontal stabilizer. During the first tunnel entry, 
only elevator sweeps were made. Incidence sweeps were made 
during the second tunnel entry. 

1. Lift Coefficient 

A comparison between rotors on and rotors off lift coef- 
ficients for the range of airspeed and nacelle incidence 
angles tested is shown in Figures VI-7 through VI-21. 

Lift coefficient is presented versus fuselage angle of 
attack and is referenced to wing area and free stream 
dynamic pressure. Comparison was also made between the 
two tunnel entries for several airspeeds. The second 
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1. (Continued) 

entry, V/STOL test 69, scnnetimes had higher lift coef- 
ficient rotors on thrin Hu- t i r.st »*ntrv i-ecause «»i th»* 
different trini proceilnn- .liscussrtl aiu*v«-. 

These figures illustrate the iunount of lilt sharing between 
the rotor and airframe as speed increases and the nacelles 
are tilted forward. Figure VI-6 siannarizes the lift sharing 
in terms of percent wing lift to total lift the condi- 
tions tested. As shown, at speeds above 120 knots and 
nacelle incidence angles 60 degrees, the rotors do not pro- 
vide much additional lift to the aircraft. 

2. Pitching Moment Coefficient 

Pitching mcMnent characteristics for the same range of 
airspeeds and nacelle incidence angles are shovm in 
Figures VI-22 through VI-36. Again, ccmiparisons are 
shown between rotors on, rotors off, and for the two 
tunnel entries. Rotor-off tests were not made for all 
speeds tested for rotors on. Comparative plots were 
made for rotors off with airspeed to determine the ef- 
fects on pitching mewnent for the range of Reynolds number 
tested. The faired lines shown are for rotors off and are 
the result of the comparison. It was found that for the 
speed range tested, Reynolds number did not hav'e a large 
effect on rotors-off pitching mewnent. When rctors-off 
runs are made at the same conditions as tested for rotors 
on, the data analyses is easier and eliminates any 
Re>’nolds number effects that may exist- Although some 
small differences existed, it is felt that the analysis 
of the rotor wake is still valid. As shown, the rotor 
wake produces a nose- down pitching moment during low 
speed helicopter flight and is effectively reduced to that 
of the wing wake above 120 knots. This change is caused 
from the wake changing from an upwash during low speeds 
to a downwash at high speeds. Trends are similar to 
those obtained from the powered aeroelastic model test^ 

(see Section VII for a more detailed discussion of rotor 
wake effects). The aircraft was stable with empennage on 
for the speeds tested for both rotors on and off. 

The pitch up at around 8 degrees angle of attack for 75 
degrees nacelle incidence at 40 and 80 knots (Figure 
VI-28) is similar to that observed on the aeroelastic 
model. The pitch angle range tested for nacelle incidence 
at 90 degrees was not large enough to determine if the 
pitch up occurred at thpt nacelle incidence. Comparisons 
made between the two model tests indicated the same trends 
would occur at 90 degrees. To properly analyze this ef- 
fect would require the velocity discribution of the rotor 
as the model changes angle of attack. 
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3. Yawing Moment Coefficient 

Directional stability for the airspeeds and nacelle in- 
cidence angles tested is shown in Figures VI- 37 through 
VI-45. Yaw sweeps made during this testily were limited 
due to a model dynamic problem (Section IV) and the time 
required to make the sweep. Therefore, a complete set 
of rotors-on and rotors-off data combinations were not 
obtained for each airspeed as tested for longitudinal 
stability. Where rotors-off runs are not available, 
runs from other airspeeds are sho%m for comparison. 

During low speed helicopter flight, directional stability 
was shown to be improved with rotors on over that for rotors 
off. This was apparently due to the stabilizing ettect 
of the rotors since with the ^q>ennage off, the aircraft 
was directionally stable. As airspeed increased, the 
rotor wake effects became less effective. This empennage 
configuration has lower directional stability for side- 
slip angles less than 8 degrees than that above 8 degrees. 
These are the characteristics of the fuselage/empermage 
configuration tested and have been sho\m also during other 
model tests. At small sideslip angles the wake froa the 
wing/ fuselage intersection reduces the dynamic pressure 
at the base of the fin. At higher sideslip angles, the 
fin is in the free stream which provides increased sta- 
bility. 

4. Rotor Performance 


Rotor performance was measured during hover in and out of 
ground effect, helicopter, conversion, and airplane flicht. 
Data presented in Figures VI-46 through VI- 56 show the 
average power coefficient and thrust coefficient of both 
rotors for the airspeeds tested during a collective pitch 
sweep . 

Figures VI-46 and VI-47 are a ccHnparison of the effect of 
tunnel wall interference on rotor performance. With the 
tunnel walls up (open test section) there was a slight 
increase in power for the same collective pitch setting. 
Thrust increased for 20 knots and decreased at 40 knots 
for the same collective pitch setting. Figure VI-49 shows 
rotor power coefficient in ground effect compared with the 
faired curve out of ground effect from Figure VI-46. Ground 
effect was shown not Co have an influence on rotor power. 
Some ground effect on thrust was evident in Figure VI-50. 
Very little change occurred until the model was at a h/D = 
.53 or near touchdown. 

Rotor performance is sunroarized at trim attitude for the 
airspeed and nacelle incidence angles tested in Figures 
VI-5/ and VI-58. The test data are compared with estimated 
performance using the digital flight simulation program. 
Pretest estimates were made using linearized rotor wake 
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4. (Continued) 

theory. Post- test estimates are made using rotor wake 
effects based on tunnel Lest results, ihe primary dif- 
ferences between these two methods are the trim angle of 
attack and wing dovm loading. Pretest estimates were 
used to set the model trim attitude; therefore, compari- 
sons made with post-test estimates are not necessarily 
at the same angle of attack. 

Preliminary analysis made between tunnel entries indi- 
cated differences between estimated and test. As a re- 
sult. improv^ents were made to the rotor data tables in 
one of the digital simulation programs (C81). The tilt 
rotor simulation program used in post-test estimates has 
been shown to be in agreement with the full-scale wind 
tunnel rotor test. In order to use the tilt rotor digi- 
tal simulation program, a change was required to make fuse- 
lage drag and blade twist at the three quarter radius 
input parameters. As shown in Figures VI-57 and VI-58, 
the post- test estimates for power coefficients are in 
closer agreement with test than pretest estimates. Both 
estimates for thrust coefficients were in close agreement 
with test. 

Reynolds number effects on the airframe and roLor v;ere 
not accounted for in the estimates. Thise effects were 
accounted for in the analysis of daca from Reference 2 
and indicated that closer agreement could be obtained 
between estimated and test. Because of time, this was 
not included in this analysis since these effects were 
previously established. 

5. Rotor Flapping 

Rotor flapping angles measured at trim attitude are shown 
in Figure VI-59 for the airspeed and nacelle incidence 
angles tested- Total flapping angle measured was similar 
in magnitude to that measured during the aeroelastic 
model test. A ccxnparison is shown with post- test esti- 
mated fore/aft and lateral flapping angles. 

Rotor lateral flapping for low speed helicopter, obtained 
during both powered model tests, was higher than originally 
estimated. This w’as found to be the result of the induced 
velocity representation being used. 2 Pretest prediction 
methods used a triangular distribution of induced velocity 
which includes a factor to modify th^ triangular distribu- 
tion for forward flight. The factor was derived for low 
disc loading, low twist rotors, and has provided reasonable 
correlation with such rotors. This factor was revised to 
reflect the higher disc loading and twist for the tilt rotor 
resulting in better correlation between estimated and test. 
These factors are summarized in Reference 5. 
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Figure VI- 1. Rolling Moment in Hover, 
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Figure VI-^. Roll Stability Characteristics in 
Hover, 
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Figure VI-6. Wing Dovmload in Forward Flight, OGE. 
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Figure VI-8. Lift Coefficient Versus Fuselage 

Angle of Attack, Nacelle Incidence 
90°, Airspeed 60 Knots. 
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Figure VI-9. Lift Coefficient Versus Fuselage 

Angle of Attack, Nacelle Incidence 
90°, Airspeed 80 Knots. 
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Figure VI-10. Lift Coefficient Versus Fuselage 

Angle of Attack, Nacelle Incidence 
90°, Airspeed 100 Knots. 
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Figure VI-14. Lite Coefficient: Versus Fuselage 

Angle of Attack. Nacelle Incidence 
75®, Airspeed 120 Knots. 
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Figure VI-15. Lift Coefficient Versus Fuselage 

Angle of Attack, Nacelle Incidence 
6Q0, Airspeed 120 Knots. 
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Figure VI-16. Lift Coefficient Versus Fuselage 

Angle of Attack, Nacelle Incidence 
60^, Airspeed 140 Knots. 
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Figure VI-19. Lift Coefficient Versus Fuselage 

Angle of Attack, Nacelle Incidence 
QO, Airspeed 120 Knots. 
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Figure VI-20. Lift Coefficient Versus Fuselage 

Angle of Attack, Nacelle Incidence 
0°, Airspeed 160 Knots. 
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Figure VI-24. Pitcliiiig Moment Versus Fuselage 

Angie of Attack, Xacellc Incidence 
900, Airspeed SO Knots. 
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Figure VI-26. Pitching Moment Versus Fuselage 

Angle of Attack, Nacelle Incidence 
90°, Airspeed 120 Knots. 
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Figure VI-27. Pitching Moment Versus Fuselage 

Angle cf Attack, Nacelle Incidence 
75^, Airspeed 40 Knots. 
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Figure VI-28. Pinching Moment Versus Fuselage 

Angle of -Attack, Nacelle lncider.ee 
75°. Airspeed 80 Knots. 
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Figure VI- 29. Pitching Moment Versus Fuselage 

Angle of Attack. Nacelle Incidence 
75°. Airspeed 120 Knots. 
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Figure VI-33. Pitching Moment Versus Fuselage 

Angle of Attack, Nacelle Incidence 
30°, Airspeed 160 Knots. 
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Figure V'I-34. Pitching Moment Versus Fuselage 

Angle of Attack, Nacelle Incidence 
0°, Airspeed 120 Knots. 
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Figure VI- 35. Pitching Moment Versus Fuselage 

Angle of Attack, Nacelle Incidence 
0°. Airspeed 160 Knots. 
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Figure VI-36. Pitching Mo.aent Versus Fuselage 

Angle of Attack, Nacelle Incidence 
0°, Airspeed 160 Knots. 
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Figure VI-37. Yawing Moment Coefficient Versus 
Yaw Angle, Nacelle Incidence 90°, 
Airspeed 40 Knots. 
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Figure VI- 38. Yawing Moment Coefficient Versus 
Y aw Ant 1 e , Nacelle Incidence 90*^, 

Airspeed 60 Knots . 
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Figure VI--+1. Yawing Moment Coefficient Versus 
Yaw Angle, Nacelle Incidence 60° 
Airspeed 120 Knots. 
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Figure VI-42. Vavini '^ionient Coefficient Versus 
Yaw Ancle. Nacelle Incidence 30'^, 

Airspeed 120 Knots. 
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Figure Vl-43. Yawing >io~ent Coefficient Versus 
Yaw Angle, Nacelle Incidence 0°, 
Airspeed 120 Knots. 
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Figure VI -45. Yav.-ing Moment Coefficient Versus 
Yaw Angle, Nacelle Incidence 0°, 
Airspeed ISG Knots. 
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Figure VI-49. Rotor Power/Collective Pitcn Variation 
With Height Above the Ground, Nacelle 
Incidence 90°. 
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Rotor Thrust/Collective Pitch Variation 
With Airspeed, Nacelle Incidence 75'^’. 
OGE . 
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Figure VI-54. Rotor Thrust/Collective Pitch Variation 
With Airspeed, Nacelle Incidence 60°, 
OGE. 


301-099-004 


VI- 60 






VI-61 

















Figure VI-58. Rotor Thrust Variation With Airspeed 
and Nacelle Incidence. 
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Figure VI-59. Rotor Flapping Variation With Airspeed 
and Nacelle Incidence. 
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VII. ANALYSIS OF RESULTS 


The information presented in this section includes analysis of 
test data related to determining the effects of the rotor wake 
on the airframe applicable to tilt rotor aircraft. The result of 
this analysis will be used in design of future tilt rotor air- 
craft and to update the tilt rotor flight simulation mathematical 
model. Results obtained during this analysis will be used to 
extend rotor wake effect information obtained during the powered 
aeroelastic model test.^ 

A. Hover Dovmload 


As noted in Section VI. A., the wing download was measured in 
and out of ground effect and at several flap settings. These 
test results were compared with other powered tilt rotor 
model tests2,6,7 as shown in Figures VII-1 and VII-2. As 
indicated, this test and Reference 6 are in close agreement 
while the download for the aeroelastic model^ is much higher. 
Also, the other two model tests show the same trend in down- 
load variation with flap deflection in that download is not 
significantly reduced for flap/f laperon deflections greater 
than 50 degrees. 

Frcrni these two figures it appears that for a f laperon setting 
near 50 degrees and OGE, it is possible to have anything from 
5.5 percent to 13 percent download. Several parameters were 
found to be influencing these differences and to have an ef- 
fect on determining hover wing download. The parameters con- 
sidered for the various models tested are listed in Table VII-1. 
Of these, blade twist and percent of wing area under the rotor 
were found to be the most significant parameter in determining 
download. 

The effect of blade twist is shown in Figure YII-3. A 3.5 
percent difference in download was measured between one model 
with 25 degrees blade twist and another model with 40.9 
degrees blade twist. The change in blade twist was also in 
conjunction with an increase in blocked area under the rotor 
as shown in Figure VII-4. From the trends shown in these two 
figures, it is difficult to determine which parameter con- 
tributed to the increased download between the two models 
tested or percentage each contributed. In extrapolating the 
test results, it appears that the blade twist change may 
account for about .8 percent and the blockage for 2.2 percent. 
The remaining 0.5 percent is due to different flap settings. 

The differences in the models tested make it difficult to 
establish a generalized design chart, but these figures can be 
used to give the designer some insight into trends that flaps, 
blade twist, and blocked area under the rotor have on wing 
download. 


301-099-004 


VII-1 




UM or tftulosur* o* Mi on thii ^ is 
subjtcl Id th« rnlrktion on th« titt« |H9«. 


A. (Continued) 

The test data would indicate a download on the order of 13 
percent for a tilt rotor with 40.9 degrees blade twist, 75 
percent blockage, and flap setting of 75/45. This is higher 
than previously estimated for this configuration. This 
difference is attributed to a Reynolds number effect. 

Hoemer® shows that the drag of cross-sectional shapes simi- 
lar to a wing, with flaps deflected, at an angle of attack of 
-90 degrees is highly dependent on Reynolds number. TTiis 
effect is shown in Figure VI 1-5 for the variation of drag 
coefficient of the cross-section with Reynolds number ref- 
erenced to wing chord and mean induced velocity from the 
rotor. Calculation required to correct model scale down- 
load to full scale is given in Table VII-2. As noted on 
Figure VII-5, the drag coefficient was reduced by approxi- 
mately 50 percent due to Rejmolds number changing frtxn model 
scale to full scale. Therefore, a 13 percent download mea- 
sured for the model would be approximately 6.5 percent for 
the full scale aircraft. Other configurations would be 
similar ily reduced. 

B. Rotor Wake on Horizontal Stabilizer 

The wake characteristics at the horizontal stabilizer were 
determined using pitching moment data from tail-off, tail-on, 
and incidence runs. For rotors-off configuration, the wake 
is the wing downwash angle (<w/h)* Rotors on, the wake is 
the total wake angle (f-v) whicn includes the wing downwash 
angle plus the rotor wake (^r/h)* As noted earlier, two 
methods of obtaining the wake effects were used during these 
tests. During the first tunnel entry, only elevator sweeps 
were made; whereas, during the second entiry, incidence sweeps 
were used. The following are the equations used to determine 
the wake for rotors on and off including the equation for 
elevator and incidence. 


Knowing , 
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B. (Continued) 


^ X ''h 


then. 


“h = v\ ‘ 


= "r - ‘t ^ % '‘e 


givxng, 


't ' “f - “h * 


where. 


^W/H ^R/H 


71 = n + n 

^ ^WB 


For rotors-off configurations, the same equations can 
be used by setting ^r/h and to zero and replacing 

«T and ’’rt ^W/H and respectively. 


(3) 


(4) 


(5) 

( 6 ) 

(7) 


The horizontal stabilizer lift curve slope was estimated^ 
at the test Reynolds number to allow determination of the 
dynamic pressure ratio at the horizontal stabilizer. 


Knowing 
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B. (Continued) 

Fr'Wi the test data, elevator effectiveness (t^) was deter- 
mined from 


^e ^m. '^^m. 

o 1 
ej 


H.1 


( 11 ) 


= .54 

These eqviations were programmed to accept wind tunnel test 
pitching moment data. The resulting dynamic pressure ratio 
and wake angle are shown in Figures VT.I-6 through VII- 11 
for both rotor on and rotor off at each nacelle incidence 
angle tested. These figures show that for nacelle incidence 
angles of 90 and 75 degrees the rotors produce an upwash and 
an increase in dynamic pressure. These are similar charac- 
teristics as obtained during the aeicelastic model test. 2 

A constant dynamic pressure ratio was used at 60, 80, and 100 
knots because only elevator sweeps were made at these speeds. 
As mentioned above, both incidences and elevator sweeps were 
shown to be methods of determining wake characteristics on 
the horizontal stabilizer. As the result of these two tests, 
the comparison between the two methods is valid only for the 
angle of attack that the elevator sweep was made or for con- 
figurations in which dynamic pressure was not expected to 
vary much with angle of attack. This was primarily the rea- 
son for making incidence sweeps du'ing the second tunnel 
entry. Although incidence sweeps take longer than elevator 
sweeps, the test data are much more useful for analysis. 

The measured wake angle at nacelle incidence angle of 75 
degrees and 120 knot;s is considered questionable. At this 
airspeed, the other nacelle incidence angles show closer 
agreement with rotors-off downwash. No error was found in re- 
view jf the analysis, but this condition is felt to be in- 
consistent with trends from this and other model tests. 

Tl-ie upwash from the rotc-rs continually decreases ai the 
nacelles are tilted forward from 60 degrees until the total 
wake angle is nearly the same as the rotors-off wing down- 
wash value. Some scatter exists in comparing dynamic pres- 
sure ratio, but in general becomes that of the rotors-off 
value also. 

As noted earlier, the total wake angle (cx) the horizontal 
stabilizer is made up of the wing downwash (^W/h) and the 
rotor wake (cr/h). The rotor wake is represented in the tilt 


301-099-004 


VII-4 




BEI-I- 

HELJOOPTER oomtwmY 


Use or disclosure of diU on this page is 
subject to the rrtlrictiori on the title page. 


B. (Continued) 

rotor simulation math model in terms of the rotor induced 
velocity. It is computed from the ratio of rotor induced 
velocity in the plane of the horizontal stabilizer to the 
rotor induced velocity at the rotor disc (WiR/H/Wij^) times 
the mean rotor induced velocity (Wij^). These two terms 
give the velocity of the rotor wake at the horizontal sta- 
bilizer (VH|j) • In order to obtain these parameters the 
following equation was used. 


/W . \ 

R 

Therefore , 


Rotor induced velocity (Wij^) used was that calculated from 
the tilt rotor simulation math model corrected to model 
scale. The induced velocity ratio determined from this test 
and the aeroelastic model test are summarized in Figure 
VII-12. Both tests indicate the same trend with airspeed and 
show that the rotor wake in the plane of the horizontal is 
effectively eliminated above 120 knots for all nacelle 
incidence angles . With this type of wake reaction on the 
horizontal stabilizer, trim aircraft attitude becomes more 
nose down and longitudinal stick gradients are shallower 
than originally predicted with linearized rotor wake theory. 

It should be noted that the downwash velocity (Vhr) is 
merely a convenient way to represent the rotor wake effects 
on the horizontal stabilizer and does not represent the 
actual wake from the rotor. This is illustrated by the 
fact that the vector sum of the free stream velocity (Vjij,s,) 
and the downwash velocity is not the total velocity 

indicated by the total dynamic pressure ratio. Furthermore, 
the variation of downwash velocity with airspeed implies that 
it increases with airspeed, which is opposite to the momen- 
ttim theory of rotor induced velocity. With the test data 
available at this time, it is not possible to separate the 
effect of the rotor wake on the wing downwash. Wing lift 
on the inboard section is considerably different with rotors 
on than with rotors off, and would change the contribution 
of the wing lift on the wing wake at the empennage. However, 


( 12 ) 


(13) 
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B. (Continued) 


combining the dynamic pressure ratio (^Hl) and downwash (ex) 
does give the correct empennage lift. Additional testing in 
this area would be required to obtain pressure distribution 
and local flow velocity data to properly describe these ef- 
fects. Sideslip was found to reduce the magnitude of the up- 
wash on the horizontal stabilizer as shown in Figure VII-13. 
The downwash velocity was determined by assuming the total dy- 
namic pressure ratio to be equal to its value at zero side- 
slip. The reduction in upwash velocity causes a nose-up 
pitching moment when the aircraft is sideslipped. Compari- 
son is also shown with the aeroelastic model test. Wake 
effects on the two empennage configurations are nearly the 
same. Free-f light testing of the aeroelastic model and the 
rotor simulation tests have shown that only a small amount of 
longitudinal cyclic stick is required to correct this pitch 
up and to maintain pitch attitude with yaw. 

C. Rotor Wake on Vertical Stabilizer 


Rotor wake effects on the vertical stabilizer were partially 
evaluated in terms of a parameter defined as the rotor side- 
wash factor (K^). This is defined as the ratio of the ver- 
tical stabilizer yawing moment rotors on to rotors off and 
indicates the change in dynamic pressure ratio and sidewash 
due to the rotors. K/j is defined as follows; 

TJy (1 - da/d0) ON 

‘ ij' U T!f'F 

'^WB 

Rotor sidewash factor for the conventional vertical fin tested 
was compared with an H- cail^ as shown in Figure VII- 14. The 
airspeed shown was the only case in \jhich data were available 
for both rotors on and rotors off. The conventional fin is 
shown to have more directional stability during low speed heli 
copter flight with rotors on than the H-tail configuration. 

In comparing other configurations tested for the conventional 
vertical fin with the H-tail, several other items were noted. 
Rotors off, the directional stability of the conventional fin 
is reduced for sideslip less than 8 degrees whereas the H-tail 
has more linear stability characteristics with sideslip. This 
is generally the case throughout the speed range tested. It 
would indicate that the effectiveness of the cotiventional fin 
is reduced at small sideslip angles due to the wing/fuselage 
wake. At low sideslip angles, the H-tail is outside this wake 
At the higher sideslip angles, the conventional fin passes 
outside the wake to increase stability. With rotors on, low 
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C. (Continued) 

speed helicopter flight, the rotor wake effect is also dif- 
ferent between the two vertical tail configurations. The 
H-tail fins were shown^ to be near the center of the vortices 
of the rotors which reduces tllrecLif'nal stability due to 
reduced dynamic pressure. As the aircraft is sideslipped, 
the vortex cores shift with respect to t..e fuselage center- 
line to increase the effectiveness of the vertical fins. 

The conventional tin is located outside of these vortices 
in an area which causes it to have increased stability over 
that of the H-tail. As airspeed increases and the nacelles 
are tilted forward, the rotor wake effect decreases and the 
stability characteristics are similar to that for rotors off. 

A comparison of the two fin configurations is shown in 
Figure VII-15 at zero fuselage angle of attack. At first 
appearance, both fin configurations show close to the same 
level of stability. Also shown are the results of addition- 
al testing at small angles using the Reference 2 model with 
a conventional fin. An additional reduction in stability 
was found for the conventional fin between ±2 degrees. The 
level of stability provided by this conventional fin con- 
figuration was found to be inadequate. Increasing the fin 
size to give the same level of stability as the H-tail would 
have required a very large fin. The difference in the two 
configurations became more apparent at angle of attack when 
the conventional fin beccxnes more insnersed in the wing/ 
fuselage wake. It low-speed characteristics were the only 
consideration, the conventional fin would appear to be better, 
but most of the low speed directional stability is provided 
by the rotors and SCAS. (Tilt rotor simulation tests, SCAS- 
off, have shown the handling qualities of the aircraft to be 
adequate and controllable with the reduced stability of the 
H-tail during low speed helicopter flight.) In high speed 
flight, where the fin is more effective and provides the 
major portion of the directional stability of the aircraft, 
the H-tail configuration with its linear characteristics 
were found to be more desirable. 
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TABLE VI I- 1. HOVER DOWNLOAD PARAMETERS (FULL SCALE) 


Test 

V/STOL 

31/39 

301-099-0022 

TR-71-626 

200-094-2707 


65.59 

(706) 

15.61 

(168) 

54.07 

(582) 


Wing Chord, m(ft) 

QQQ 

1.59 

(5.22) 

2.62 

(8.6) 

1.14 

(3.75) 

Disc Area, m2(ft2) 

182.46 

(1964) 

45.61 

(491) 

220.7 

(2376) 

38.55 

(415) 

Blade TWist, deg 

25 

40.9 

37.0 

10/20 

Rotor Oiam, m(ft) 


msHi 

16.76 

(55) 

7.62 

(25) 


.62 

.75 

.705 

.65 


.275 

.25 

.24 

.22/. 44 

‘m/D 

.204 

.187 

.125 

.161 

(1) Measured between centerline of rotors, Sw 

(2) Wing ar^a under rotor disc, Sy' 
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TABLE VI 1-2. f!OVER DOWNLOAD 


Test 

V/STOL 

31/69 

301-099-0022 

i i 

Model Scale 

1/10 

1/5 

Ct 

.1147 

.111 

Vx, m/sec (fps) 


! 

Model Scale 

150.26 

(493) 

100.58 

(330) 

Full Scale 

250.55 

(S22) 

225.55 

(740) 

m/sec (fps) 


■■HU 

Model Sc^le 

12.98 

(42.6) 

S.59 

(28.2) 

Full Scale 

21.64 

(71.0) 

19.23 

(63.1) 

Rn<2) 

Model Scale 

4.8x105 

3.04x105 

Full Scale 

8 . 0 x 106 

3.36x106 


(1) Rotor induced velocity computed using the digital tilt rotor 
simulation program 

( 2 ) = 
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Figure V'II-2. Wing Download Comparison in Hover 
for Flap Deflection, OGE, 
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Figure VII-4. V>Jing Dovmload Comparison in Hover 
for Blocked Area, OGE. 
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Figure VH-5. Variation of Wing Drag Coefficient 
at = -90° with Reynolds Number. 
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Figure VI 1-6. 


Horizontal Stabilizer Aerodynamic 
Characteristics. Nacelle Incidence 90°, 
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Figure VI I- 7. Horizontal Stabilizer Aerodynamic 

Characteristics, Nacelle Incidence 75°. 
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Figure VII-8. Horizontal Stabilizer Aerod 5 mamic 

Characteristics, Nacelle Incidence 60°. 
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Figure VII-10 Horizontal Stabilizer Aerodynamic 

Characteristics, Nacelle Incidence 0°. 
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Figure VII-ll. Horizontal Stabilizer Aerodynamic 

Characteristics, Nacelle Incidence 0°, 
Flaps Up. 
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Figure VII-12. Induced Velocity Ra^io ii Plane of 

the Horizontal Stab’ 1:’ ?e-,r. 
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X^^V' AN6l£, DS6 

Figure VII-13. Effect of Yaw Angle on Rotor Wake 

Upwash at Horizontal Stabilizer, 
Xacelle Incidence 90°. 
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Figure VII-14. Effect of Rotor Wake on Directional 

Stability, Nacelle Incidence 750 . 
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Figure VII-15. Effect of Fin Configuration on 

Yawing Moment Coefficient. 
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VIII. CONCLUSIONS 


The following conclusions ?re made from analysis of the test 
data: 

A. Roll Stability - IGE 


Static roll stability characteristics obtained during hover 
tests in ground effect were in agreement at small roll angles 
with that determined during other model tests. A roll in- 
stability is obtained as the aircraft approaches touchdo%m 
between h/D = 1.67 and .60 with the maxirnian instability 
occurring at h/D = .85. This instability does not appear 
to present a significant problem for current generation 
tilt rotor aircraft %rith the improved control power avail- 
able and addition of SCAS. 

B. Wing Download 

Characteristics of wing download were determined during hover 
in and out of ground effect, %d.th flap deflection, and in for- 
ward flight. Hover download in addition to being a fimction 
of h/D and flap deflection was found to be influenced by 
blade twist, percent blockage area of the wing under the 
rotor, and Reynolds lunber. 

Very little improvement in relieving wing download during 
hover was obtained for flap deflections abov^e 50 degrees. 
Results indicate that most of the reduction in download is 
due to flaperon deflection rather than flap deflection. Down- 
load vras also found to increase with increasing blade twist 
and the blocked area under the rotor. Hover download measured 
during model tests are subject to Reynolds number effect. For 
the configurations tested, the download for the full-scale air- 
craft would be approximately 50 percent lov’er than the model 
scale value. The full-scale aircraft is estimated to have a 
6.5 percent download OGE. 

Rotor/wing lift sharing during forward flight was determined. 
Results indicated that the wing lift is not influenced by 
the rotor %i7ake above 40 knots and that the wing begins to 
contribute lift at an airspeed of 35 knots. Above 120 knots 
and nacelle incidence angle of less than 60 degrees, the 
rotor wake was found to not contribute much to wing lift. 

C. Rotor Wake on the Empennage 

During low speed helicopter and conversion flight the inter- 
action between the rotor wake and the horizontal stabilizer 
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C. (Continued) 

is such to produce a nose down pitching moment. This results 
from a net upwash effect and increased dynamic pressure on 
the horizontal stabilizer from the rotors. Rotor wake ef- 
fects are essentially eliminated at airspeeds above 120 knots. 

Rotor wake effects on the vertical fin during low speed heli- 
copter were found to be less apparent on the conventional ver- 
tical fin than for the H-tail. This is not ccwnpatible with 
the low directional stability characteristics observed for 
the XV-3 which also had a conventional vertical fin. Addi- 
tional empennage testing using the same model would be de- 
sirable to describe the rotor wake effect for different em- 
pennage configurations. Directional stability of the H-tail 
during high speed flight is more linear with yaw angle than 
the conventional fin. 

As the result of these tests and analyses, the following items 
have been incorporated in the tilt rotor simulation math model: 

1. Improved the wing download variation with flaps, ground 
effect, and airspeed; 

2. Modified the induced velocity variation at the empennage; 
and 

3. Modified the roll stability in-ground-effect . 
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APPENDIX A 
Run Schedule Summary 


(A description of the configuration code is given 
in Table V-2, page V-5.) 


301-099-004 


A-1 



RUN SCHEDULE SUMMARY 
MODEL CIOO-FIB LANGLEY V/STOL TEST 31 


RUN 

NO. 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 
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RUN SCHEDULE SUMMARY 
MODEL CIOO-FIB LANGLEY V/STOL TEST 31 
(Continued) 



yp.s. 

(KTS) 


3-N CONFIG. PPM Vi/n 
(DEG) NO. 


57 Walls 

58 

59 

60 
61 
62 

63 

64 

65 

66 Walls 

67 Walls 

68 I 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 
81 
82 

83 

84 

85 

86 

87 Walls 

88 Walls 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 ' ' 

99 Walls 


- Coll. Sweep 

- a 

- fig 

- Cyclic 

- Coll. 

- a 

- 

- Cyclic 

- A0 

- ABi 

- Coll. 

- Cyclic 

- ABi 

- 0 

- Ad 

- Coll. 

- a 

- Cyclic 


- Ad 

- Coll. 

- 0 

- Coll. 
Void 

- 0 

- Coll. 

- Cyclic 

- Cyclic 

- 0 

Up - 6e 
I>n - Coll. 

- a 

- Coll. 

- a 

- Coll. 

- a 

- Coll. 


“ Cyclic I 

•Ad f 

Dn - ABi Sweep 



1.84 


1.84 

1.00 


1.00 

.83 

.83 

.67 

.67 

.67 

.53 

.53 

.53 

.53 
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RUN SCHEDULE SUMMARY 
MODEL CIOO-FIB LANGLEY V/STOL TEST 31 
(Continued) 


RUN 

NO. 



iN 

(DEG) 

CONFIG 

NO. 

100 

Walls Dn - Coll. Sweep 

140 

30 

1- 

2-4 

101 


- a 


140 

30 

1- 

2-4 

102 


- «e 


140 

30 

1- 

2-4 

103 


- Coll. 


120 

60 

1- 

2-2 

104 


- a 








105 


" ®e 








106 


“ Cyclic 








107 


- Abi 




60 

1-. 

2-2 

108 


- Coll. 




30 

2-0-4 

109 


- or 


120 

30 

2-0-4 

110 


- Coll. 


140 

30 

2-0-4 

111 


- a 


140 

30 

2-0-4 

112 


- Coll. 


120 

60 

2-0-2 

113 


- Coll. 


120 

60 

2-0-2 

114 


- Coll. 


120 

60 

2-0-2 

115 


- a 


120 

60 

2-0-2 

116 


- Coll. 


80 

15 

1- 

2-5 

117 


- q; 


80 



1- 

2-5 

118 


“ «e 


80 



1- 

2-5 

119 


- Coll. 


120 



2-( 

3-5 

120 


- a 


120 



2-{ 

3-5 

121 


- Coll. 


80 



2-i 

3-6 

122 


- Of 


80 

15 



123 


- Coll. 


20 


0 



124 


- q; 


20 





125 


- Coll. 


40 





126 


- a 


40 





127 




20 





128 

Walls Dn - Sweep 

40 



2-0-6 


End 

of Powered Test 








129 

Walls Up - 0 Sweep 


0 



1-: 

2-6 


Rotors Off Test 








130 

Walls Dn - ff 


80 



3-; 

2-6 

131 


- a 


120 





132 


- a 


160 





133 


- 4> 


160 





134 


- ip Sweep 

120 





135 


-!/'(«= 5”) 

160 





136 


- ^ (a = 10°) 







137 


_ ^ (a = -10°) 







138 


- 6a Sweep 







139 

1 



1 


1 

f 

1 

f 

140 

Walls Dn - a Sweep 

160 


° 1 

3-2-6 
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RUN SCHEDULE SUMMARY 
MODEL CIOO-FIB LANGLEY V/STOL TEST 31 
(Continued) 



141 Walls Dn - 4* 

142 - « (a 

143 - 6p 

144 - 6e 

145 - a 

146 - a 

147 - ii> 

148 - 4> 

149 - Ip (ot 

150 - a 

151 - a 

152 - ^ 

153 - a 

154 - a 

155 - Ip 

156 - a 

157 - a 

158 - ip 

159 - a 

160 “ 6q 

161 - ip 

162 - a 

163 - Ip 

164 - o 

165 - Ip 

166 - a 

167 - ip 

168 - a 

169 - Ip (01 

170 ▼ -Ip (a 

171 Walls Dn - Ip (ot 


Sweep 
= -5®) 
Sweep 


Sweep 
= - 10 ^) 
Sweep 


Sweep 
= 0 ") 

= 10 °) 

= - 10 °) 


vp.s. 

(KTS) 


iN 

(DEG) 


CONFIG. 

NO. 
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RUN SCHEDU1.E SUMMARY 
MODEL CIOO-FIB LANGLEY V/STOL TEST 69 


RUN 

NO. 


VF.S. 

(KTS) 

iN 

(DEG) 

CONFIG 

NO. 

176 

Walls un - Coll. Sweep 

40 

90 

1-: 

2-6 

177 


- a 


40 

90 

1-: 

2-6 

178 


- ^ 


40 

90 

1-2-6 

179 


- a 


40 

90 

1- 

L-6 

180 


- a 



^0 

75 

1-1-5 

181 


- a 






1- 

L-5 

182 


- a 






1- 

2-5 

183 


- Coll. 


' 



' 

1- 

2-5 

184 


- fl> 


f 


75 

1- 

2-5 

185 


- Coll. 


120 

60 

1- 

2-4 

186 


- a 






1- 

2-4 

187 


- ^ 




1 

► 

1- 

2-4 

188 


- a 


’ 


60 

1- 

L-4 

189 


- a 


120 

30 

1-; 

L-2 

190 


- a 


160 



1-. 

L-2 

191 


- 


120 



1-: 

2-2 

192 


- Coll. 


120 





193 


- a 


120 





194 


- Coll. 


160 





195 


- Cyclic 








196 


- Sweep 







197 


- Roll Tare 







198 


- Sweep 







199 


- Roll Tare 



> 

' 



200 


- or Sweep 

160 

30 

1-: 

2-2 

201 


- Roll Tare 




0 



202 


-• Thrust Checks 







203 


- Coll. Sweep 

120 



1-2-0 

204 


. a 


120 





205 


- >P 


120 





206 


- Coll. 


160 





207 


- a ' 

' 

160 




' 

208 


- >P Sweep 

160 



1-2-0 

209 


“ Thrust Checks 







210 


- Thrust Checks 







211 


- a Sweep 

120 



1-1-0 

212 


“ “^e 


120 





213 


- a 


160 





214 


- 








215 


- Coll. 






5-: 

2-0 

216 


~ a 


' 






217 


" *^e 


160 





218 


- Coll 


180 





219 

' 

' - a ' 


180 

m 

■ 

' 


220 

Walls Dn - 6g Sweep 

180 

■ 

1 

5-2-0 



1604 

1372 
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RUN SCHEDULE SUMMARY 
MODEL CIOO-FIB LANGLEY V/STOL TEST 69 
(Continued) 


RUN 

NO. 


Vf.S. 

(KTS) 

iN 

(DEG) 

CONFIG 

NO. 

221 

Wal' 

Ls Dn - Coll. Sweep 

120 


■ 

1-2-0 

222 


- « 


120 





223 


- «e 


120 





224 


- Ip 


120 





225 


- Coll. 


180 





226 


- a 


180 





227 


- ■ 


180 





228 


- 6g 


160 





229 


- 6e 


120 



1-2-0 

230 


- a 


120 



1-] 

L-0 

231 


- <x 


180 



1-] 

L-0 

232 


- a 


160 



5-] 

L-0 

233 


- a 


180 



5-1-0 

234 


- 4> 


160 



5-2-0 

235 


- <P 


180 





236 


- Of 


160 





237 


- a 


160 



' 


238 


- a 


180 



5-2-0 

239 


- Ip 


120 



9-: 

?-0 

240 


- a 


120 


0 

9-2-0 

241 


- Of 


120 

30 

2-0-2 

242 


- a 


120 



2-0-2 

243 


- a 


160 



2-0-2 

244 


- Ip 


120 



2-4-2 

245 


- a 


120 



2-4-2 

246 


- a 


160 



2-4-2 

247 


- Ip 


160 

3 

0 

2-' 

+-2 

248 


- a 


120 


0 

2-4-0 

249 


- Ip 


120 


0 

2-4-0 

250 


- a 


160 


0 

‘2-4-0 

251 


- Ip 


160 


0 

2-4-0 

252 


- O' 


120 

6 

0 

1-k-Ur 

253 


, - 


120 

6 

0 

2-4-4 

254 


- a 


120 

6 

0 

2-> 

+-4 

255 

VJalls Dn - ifi 


120 

6 

0 


256 

Walls Up - Coll. 


0 

9 

0 


257 


- a 


20 





258 


- a 


30 





259 


- a 


40 



H 


260 


- a 


50 



■ 


261 


- a 


60 




262 


- a 


20 




263 


- a 


30 





264 


- a 


40 





265 


- a ' 


50 





266 

Walls Up - Sweep 

40 


1-1-6 


RPM 1 h/D 


1372 


1372 

1604 

1604 

1372 


x372 

1604 








RUN SCHEDULE SU^!MARY 
MODEL CIOO-FIB LANGLEY V/STOL TEST 69 
(Continued) 



Sweep 


VF.S. i-N CONFIG. 
Uts5 (DEG) NO. 


2-4-6 1884 


Sweep 

Sweep, Slots Open 


2-4-6 

1 - 2-6 


Sweep, Slots Open 


Coll. 

Coll. 

Coll. 

Coll. 

Roll 

Roll 

Roll 

Roll 

Roll Sweep 
Of Sweep 

a I 


1 - 2-6 

5-2-6 

5-2-6 

5-2-6 

5-2-6 

1 - 2-6 


1-2-6 1884 

1-2-4 1604 

1- 2-4 
1 - 2-2 
1 - 2-2 
1 - 2-2 
1 - 2-2 

2 - 0-0 

2 - 0-0 

2-0-0 1504 

6-0-0 1372 


3-2-6 

3-2-6 

3-1-6 

3-1-6 

3-1-5 

3-1-5 


301-099-004 













RUN SCHEDULE SUMMARY 
MODEL CIOO-FIB LANGLEY V/STOL TEST 69 
(Continued) 



i-N 

(DEG) 


CONFIG 

NO. 


RPM 


h/D 


312 

Wal 

Ls Dn - o Sweep 

SO 

75 

313 

i 

- ♦ 


80 

75 

314 


- a 


60 

90 

315 


- a 


120 

90 

316 


- 4> 


60 

90 

317 


- ♦ 


120 

90 

318 


- a 


80 

90 

319 


^ a 


120 

60 

320 


- a 




60 

321 


- ♦ 




60 

322 


- a 




30 

323 


- ♦ 




30 

324 


- a 




30 

325 


- a 




0 

326 


- a 





327 


- a 





328 


- 


' 

’ 


329 


- ^ 


120 


330 


- ^ 


160 


331 


- a 





332 


- ' 

f 




333 


- de Sweep 


’ 


334 


- a Sweep, Upside Dn 

160 


335 


- a Sweep, Upside Dn 

60 


336 


- >(> Sweep, Rt Aileron Dn 

160 


337 


- # Sweep, Lt Aileron Dn 

160 

0 

338 






339 


- a Sweep 

80 

75 

340 


- a 


120 

60 

341 


- a 




30 

342 


- Of 



1 

30 

343 


- a 




30 

344 


- ^ 



j 

30 

345 


- Of 




0 

346 


- a 




1 

347 


- « 




1 

343 


- ^ 




t 

349 


- a 




0 

350 


- a 


1 

' 

60 

351 


- 


120 

60 

352 


- a 


60 

90 

353 


- ^ 


60 

90 

354 


- 4> 


120 

90 

355 


- a 


120 

90 

356 


- a 


60 

75 

357 


- a 


80 

75 

! 358 



' 

80 

75 

1 359 

Walls Dn - a Sweep 

160 

75 


3-2-5 

3-2-5 

3-2-6 

3-2-6 

3-2-6 

3-2-6 

3-1-6 

3-1-4 

3-2-4 

3-2-4 

3-2-2 

3-2-2 

3-1-2 

3-1-0 

3-2-0 

3-2-0 

3-2-0 

3-2-0 

6 - 2-0 


6 - 2-0 

9-2-0 

9-2-0 

3-2-5 

3-2-4 

3- 2-2 

4- 4-2 
4-4-2 
4-4-2 
4-4 


301-099-004 


,-9 











